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Abstract

The aim of the present study was to investigate the effects of high concentrations of copper (Cu) on the cecum and rectum of intestinal
microbiota in female mice. Twenty-four Kunming mice were weighed and randomly divided into two groups (rn =12 per group)
including the control group and Cu group. Cu group was given drinking water with 5 mg/kg-bw copper chloride (CuCl,), while the
control group was treated with drinking water without CuCl,. At the 90th day, results showed that compared with the control group,
mice in the treatment group had a lower body weight, and the feces turned yellow and had a lower pH value. Histopathological lesions
showed that the intestinal tissue from the treatment group had increased thickness of outer muscularis and smoothed muscle fiber,
widened submucosa, decreased goblet cells, and showed blunting of intestinal villi and severe atrophy of central lacteal. In addition, at
the genus level, 16S rRNA gene sequencing from the Cu group showed that Corynebacterium were significantly increased whereas
Staphylococcaceae, Odoribacter, Rikenella, and Jeotgalicoccus were significantly decreased in the cecum. Dehalobacterium,
Coprococcus, and Spirochaetales increased significantly whereas Salinicoccus, Bacillales, Staphylococcus, and Lactobacillales de-
creased sharply in the rectum. This study demonstrated that high concentrations of Cu could induce tissue injury and interrupt the
homeostasis of microbiota.
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Introduction contamination from vehicle emissions, industrial discharges
and other activities [1]. It has been shown that heavy metals
at certain concentrations can have long-term toxic effects

within ecosystems [2]. Despite the fact that it is indispensable,

During the past several decades, the ecological environment
has been severely polluted or degraded due to heavy metal
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excessive amount of Cu can impose a long-term burden on the
biogeochemical cycle in the ecosystem such as the contami-
nation of soil and water, especially the enrichment of the food
chain [3]. Over-exposure to Cu may lead to adverse effects on
animal organisms such as respiratory and nervous disorders.
Moreover, it can cause the development of a number of dis-
eases including gastrointestinal bleeding and hepatorenal fail-
ure [4-6]. Although there is a close relationship between the
overdose of Cu and many organogenic diseases in animals,
little is known about these diseases in the perspective of
changing the intestinal flora.

Gastrointestinal microbiota is essential for maintaining ho-
meostasis both inside and outside the intestinal tract, which
plays a key role in intestinal physiology, energy metabolism
and immunity [7-9]. As signaling molecules, the metabolite
of microorganism can impact the host’s metabolism such as
short-chain fatty acid (SCFA) production and vitamin synthe-
sis [10—12]. Such health-relevant functions may be considered
as ecosystem services provided by the gut microbiota for the
host. As key ecosystem service providers (ESPs) which are
indispensable to the host’s well-being, healthy animals can
reduce the risk of developing diseases such as allergic disor-
ders and chronic immune-mediated inflammatory diseases,
whereas diseased animals may have aberrant patterns leading
to the state of “dysbiosis.” Some examples are that the dereg-
ulation of gut homeostasis by certain bacteria could lead to
diseases or even death because of the poisoning, which was
found in hydrobiology [13, 14]. However, there is little re-
search on high doses of Cu-causing diseases by changing
the gastrointestinal microbiota on mammals. In other words,
whether the gut microbiota can be impacted by high doses of
Cu and thereby causes further adverse effects on host health
remains unknown.

The present study was designed to investigate the influence
of'high doses of Cu on the intestinal metabolism and intestinal
microbiological community in the caecum and rectum of
mice. To achieve this, the intestinal bacterial composition
was investigated to evaluate the differences of intestinal mi-
crobiota using 16S rRNA sequencing method. It may provide
a theoretical basis for more accurate assessment of the risk in
intestinal diseases induced by a high dose of Cu.

Materials and Methods
Ethics Statement and Samples Collection

All animal experiments were done according to the Guidelines
of Animal Experiments by the Institutional Animal Care and
Use Committee of Jiangxi Agricultural University. The feed-
ing experiment and sample collection were prepared in the
Institute of Animal Population Health, College of Animal
Science and Technology, Jiangxi Agricultural University.
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The treatment procedure in this experiment was similar to
Mitra et al. [15]. Twenty-four 8-week-old Kunming female
mice were fed with the basal diet (Table 1) during the 7-day
adaptation period, and then they were weighed and randomly
divided into two groups (n = 12 per group): the control check
group (CCK group, average weight=27.66 g, 0 mg/kg-bw
Cu) and Cu check group (CCu group, average weight =
27.71 g, 5 mg/kg-bw Cu). After 90 days, twelve mice from
each group were reweighted and killed sacrificed by cervical
dislocation, and then divided into four groups with 6 mice
each group: cecal control check group (CCK), rectal control
check group (RCK), cecal Cu check group (CCu) and rectal
Cu check group (RCu). Cecum and rectum contents were
collected aseptically into 1.5 ml EP tubes and then stored at
—20 °C until further analysis. Meanwhile, the cecum and rec-
tum were collected and put in paraformaldehyde for patholog-
ical section preparation.

Histopathological Examination

After sacrifice of mice at 90th day, the cecal and rectal tissues
were rapidly removed and fixed in 4% paraformaldehyde. The
fixed tissues were dehydrated in a graded series of ethanol,
cleared in xylene, and then embedded in paraffin. Histological
slices were prepared using a microtome and stained with he-
matoxylin and eosin (H&E). The stained slices were evaluated
using the bio-microscope.

Isolation of Intestinal Bacterial DNA

The bacterial DNA in the cecum and rectum were extracted
using the Agilent High Sensitivity DNA Kit (Agilen, China)
according to the manufacturer’s protocol. The quantities of
extracted DNA were measured using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and qualities were examined by electrophoresis on 1%
agarose and visualized by the GelDoc XR System (Bio-Rad,
USA) respectively.

Table 1  Basic diet composition

Ingredient Ratio (%) Ingredient Ratio (%)
Corn 27 Calcium powder 3

Bran 19 Yeast powder 2.3

Rice 16 Salt 0.5

Bean cake 16 Decavitamin 0.1

Fish flour 13 Microelement 0.1

Bone flour 3

Vit A 500 mg, Vit D 150 mg, Vit E 20 mg, Vit K, 30 mg, Vit B, 7 mg, Vit
B; 5 mg, Vit B¢ 1 mg, Vit B;; 0.01 mg, Cu4.5 mg, 1 0.25 mg, Fe 25 mg,
Mn 45 mg, Zn 30 mg, Cr 2 mg, Alkaloid 0.2 mg, Choline 600 mg, Folic
acid 0.5 mg, Phaseomannite 10 mg, and Nicotinamide 10 mg were pro-
vided for per kilogram of diet
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Gene Sequencing of 16S rRNA

The V4 region (the length of DNA is 280 bp) flanked by the
evolutionary conserved regions were used to design polymer-
ase chain reaction (PCR) primer and it was then amplified
using PCR with the primers. The bacterial 16S rRNA univer-
sal prime sequences synthesized at Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China) are: 520F (5'-
AYTGGGYDTAAAGNG-3') and 802R (5'-
TACNVGGGTATCTAATCC-3"). The PCR components
contained 5 pl of Q5 reaction buffer (5 times), 5 ul of Q5
high-fidelity GC buffer (5 times), 0.25 pl of Q5 high-fidelity
DNA polymerase (5 U/ul), 2 ul (2.5 mM) of dNTPs, 1 ul
(10 uM) of each forward and reverse primer, 2 ul of DNA
template, and 8.75 pl of ddH20. PCR assay was performed
with the following amplification configurations: denaturation
(305,98 °C), 25 cycles (15 8,98 °C; 30 s, 50 °C; 3055, 72 °C),
and final elongation (5 min, 72 °C). PCR products were puri-
fied with Agencourt AMPure Beads (Beckman Coulter,
Indianapolis, IN) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After
the individual quantification step, amplicons were pooled in
equal amounts, and paired-end 2 x 280 bp sequencing was
performed using the Illlumina MiSeq platform with MiSeq
Reagent Kit v3 at Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China).

High-Throughput Sequencing

The quality of the DNA library was examined using the
Agilent High Sensitivity DNA Kit and Agilent Bioanalyzer.
The DNA library was then used on the Illumina MiSeq plat-
form (CA, USA). The collected raw sequencing data were
processed using the following steps: (1) the sequences of
barcode and primers were first removed from the raw se-
quencing data; (2) the sequencing data were then analyzed
using the software FLASH (version 1.2.7, http://ccb.jhu.edu/
software/FLASH); (3) the sequencing fragments of each sam-
ple were aligned and connected to form the raw sequencing
tags; (4) the raw sequencing tags with low quality were re-
moved and the chimeric sequences were removed from the
final sequencing tags. The resulting sequences were effective
sequencing tags used for bacterial taxonomic annotation.

Sequence Analysis

The identified 16S rRNA sequences (the effective sequencing
tags) were analyzed using Uparse software. Sequences shar-
ing >97% identity were considered at the same taxonomic
position, which were assigned to one operational taxonomic
unit (OTU). An OTU table was generated to record the abun-
dance of each OTU in each sample and the taxonomy of these
OTUs. OTUs containing less than 0.001% of total sequences

across all samples were discarded. To minimize the difference
of sequencing depth across samples, an averaged, rounded
rarefied OTU table was generated by averaging 100 evenly
resampled OTU subsets under the 90% of the minimum se-
quencing depth for further analysis. When OTUs were con-
structed, the Uparse software automatically selected represen-
tative sequences. The representative OTUs were annotated
with taxonomic information using the 16S rRNA gene se-
quence database Green-Gene database (Release 13.8, http://
greengenes.secondgenome.com/). Finally, the sequences were
annotated as follows: Kingdom, Phylum, Class, Order,
Family, Genus, and Species. Additionally, Venn diagrams
were plotted to show the shared and unique OTUs in each
specified group using R software (Version 2.11.1) [16].

Measures of Microbial Diversity

The evaluation of microbial diversity in a natural environment
involves two aspects: species richness and evenness informa-
tion. To assess whether the 16S rRNA sequences could in-
clude all the bacteria in the samples, we conducted the alpha
diversity analysis, represented by rarefaction curves. Alpha
diversity was analyzed using the Quantitative Insights into
Microbial Ecology (QIIME) software package (Version
1.7.0). To evaluate alpha diversity, we conducted the analysis
of community richness with the Chao 1 estimator, the
abundance-based coverage estimator (ACE), the analysis of
community diversity with the Shannon index and Simpson
index [17]. Rarefaction curves indicate that the number of
unique bacterial species does not increase as the number of
identified sequences increases [18]. Different from alpha di-
versity, beta diversity is used to investigate the community
structure of the similarity between different samples. The total
diversity (gamma diversity) is determined by the diversity in
the two aspects: alpha diversity and beta diversity. Principal
component analysis (PCA), multidimensional scaling analysis
(MDS), and clustering analysis methods were used to measure
the difference between samples. The complete dataset was
submitted to the NCBI short read archive database with the
accession number PRINA415103.

Results
Body Weight

The body weights of mice after 90 days were analyzed using
the 7 test. The values were expressed in the format of the mean
+ standard error. The weight of mice in Cu check group
(29.25+0.25 g) was significantly lower than that in the con-
trol check group (31.49+0.37 g) (p value<0.01).
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Histopathology

We compared Cu group with control group, and the results are
shown in Fig. 1. The color of intestinal contents of the feces
was brassy, and the fecal pH level (6.2—7.0) was significantly
lower in Cu group compared with the control group (7.5-8.0).
Cu group showed that mice had lower body weights, and feces
turned yellow and showed lower pH values (Fig. 2).
Moreover, histopathological lesions in Cu group showed in-
creased thickness of outer muscularis and smooth muscle fi-
ber, widened submucosa, decreased goblet cells, blunting of
intestinal villi and severe atrophy of central lacteal.

Results of 16s RNA Sequencing Data Analysis

In total, 769,766 sequences were generated from 22 samples
(two samples failing to qualify requirements were removed).
Among them, 634,430 (82.4%) sequences were considered to
be high-quality sequence. The 634,430 reads were used for abun-
dance analysis, diversity analysis, and taxonomic comparison.
Summary information of the sequencing data was presented in
Table 2. OTUs were annotated at the levels of phylum, class,
order, family, genus, species, and unclassified by the RDP
Classifier and the 16S rRNA sequence database, and the
GreenGene database (Fig. 3). Each oval represented a group
(Fig. 2), and samples in overlapping regions were symbolized
as the total of OTUs. There were 1115 (42.36%) OTUs shared
among the four groups. The percentages of OTUs uniquely in
CCu group, CCK group, RCK group, and RCu group were
respectively 0.61%, 2.01%, 1.60%, 0.84%. The order of magni-
tude was CCK >RCK >RCu > CCu (Fig. 4).

Fig. 1 Feces from different
sources. a CCK group; b CCu
group; ¢ RCK group; d RCu
group

Alpha Diversity Analysis

The rank abundance curves of the 22 samples directly
reflected the abundance and rarity of OTUs in the community.
As shown in Fig. 4, the curves became gradually stable, indi-
cating a uniform species distribution (Fig. 5).

Beta Diversity Analysis

In Fig. 6, RCk group, CCK group, RCu group and CCu group
were studied using Partial Least Squares Discriminant analy-
sis (PLS-DA) method. Samples of each group were well clas-
sified together using the PLS-DA method, indicating good
performance of our classification method.

Results of the microbial composition analysis at the order
level were represented in Fig. 7. In RCK group, Bacteroidales,
Lactobacillales, Bacillales, Pseudomonadales were the dom-
inant intestinal community and Bifidobacteriales,
Desulfovibrionales, Coriobacteriales, Burkholderiales, and
CW040 were in low abundance. In RCu group, the three top
most abundant genera were Bacteroidales, Clostridiales,
Erysipelotrichales, and the genera with decreased abundance
were Bifidobacteriales, Desulfovibrionales, Coriobacteriales,
Burkholderiales, and CW040. In CCK group, we found that
Bacteroidales, Clostridiales, and Pseudomonadales were the
dominant intestinal and Bifidobacteriales, Desulfovibrionales,
Coriobacteriales, Burkholderiales, and CW040 were in low
abundance. In CCu group, the community was mainly com-
posed of Bacteroidales, Clostridiales, and Erysipelotrichales,
whereas Bifidobacteriales, Desulfovibrionales,
Coriobacteriales, Burkholderiales, and CW040 were signifi-
cantly lower in abundance. There was a significant difference

b
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Fig. 2 Pathological analysis of
cecal and rectal tissues in different
groups (HE. 400x). a CCK group;
b CCu group; ¢ RCK group; d
RCu group. Arrows indicate
pathological changes from a to b,
and c to d. 1) the outer muscularis
thickness; 2) the smooth muscle
fiber; 3) submucosa; 4) the goblet
cells; 5, 6) the intestinal villus and
central lacteal

between the RCK group and RCu group. However, there is no
significant difference between the CCK and the CCu group.

To further investigate the difference in intestinal microbiota
composition among the different groups, we used the LEFSE
method to test samples for relative abundance. In Fig. 8A, at
the phylum level, we observed no significant difference in the
CCu group and CCK group. But at the genus level, there was a
significant increase in Corynebacterium and Dorea and a sig-
nificant decrease in Staphylococcaceae, Jeotgalicoccus,
Odoribacter, and Rikenella in CCu group. In Fig. 8B, in com-
parison of control group and Cu group, at the phylum level,
there was a significant decrease in Spirochaetales. At the ge-
nus level, there was a significant increase in Dehalobacterium,
and Coprococcus, whereas there was a significance decrease
in Bacillus, Jeotgalicoccus, Salinicoccus, Staphylococcus,
and Ignatzschineria in the RCu group.

Discussion

Cu is a crucial trace element component in humans and ani-
mals [19, 20]. Small amounts of Cu can be regarded as nutri-
tional additives, whereas excessive amounts of Cu can lead to
liver diseases and gastrointestinal tract diseases. Damaged
gastrointestinal tract affects the digestion and absorption of
nutrient substances, leading to weight loss in animals [21].
In our experiment, we found that the mice in Cu group had
copper-colored feces, lower pH values, and lower body
weights. When exposed to excessive amounts of Cu, it was
found that microbial active substances could be impacted in
that the microorganisms produced a simple single organic
compound, macromolecular humic acid, rich acid, or micro-
bial exudates etc. [22]. The decrease in fecal pH could be due
to the production of a large amount of acidic substances.

Table 2 Effective sequence and

high-quality sequence. The num- Sample Effective High Ratio Sample Effective High Ratio

ber following the abbreviations ID sequence quality ID sequence quality

stands for the mice number. For

example, CCK 1, CCK2, CCK3, CCK 1 28977 24509 84.58% RCK 1 28319 23714 83.74%

CCK4, CCK5, CCK6; CCUL, CCK 2 24773 22281 89.94% RCK 2 35225 28821 81.82%

CCU2, CCU3, CCU4, CCUS; CCK3 27010 22932 84.90% RCK3 30576 25357 82.93%

RCKI1, RCK2, RCK3, RCK4,

RCKS. RCK6. RCUL RCUD CCK4 23754 21142 89.00% RCK4 70192 57896 82.48%

RCU3: RCU4: RCUS: RCUG, CCK 5 28417 23986 84.41% RCKS 28709 23319 81.23%
— - - — RCK 6 27159 21454 78.99%
CCU 1 28690 23800 82.96% RCU 1 51133 42394 82.91%
CCU 2 26899 20693 76.93% RCU 2 27034 21757 80.48%
CCU 3 27231 22461 82.48% RCU 3 27765 23100 83.20%
CCU 4 51202 42793 83.58% RCU 4 29821 24024 80.56%
CCU 5 65754 53327 81.10% RCU 5 29790 24590 82.54%
- - — — RCU 6 78235 64589 82.56%
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Fig.3 Statistical results of OTU’s
identification and classification.
The numbers of OTUs of phylum,
class, order, family, genus, and
species were reported. The
number of OTUs that could not be
classified into any known group

was designated as “unclassified” 2
.—
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Meanwhile, Cu affects bioactive substances and can also cause
intestinal damage, and metabolic disorders, and reduce nutrient
decomposition and absorption, which affects mouse weight loss.
In addition, the thickness of the adventitia wall and muscularis was
elevated, the submucosa became thickened, and the intestinal

Fig. 4 Venn diagrams
representation of the OTUs
shared among the samples from
different sources. Venn diagram
showing the unique and shared
OTUs in the samples from
different sources: CCu group,
CCK group, RCK group, and
RCu group
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villus atrophied significantly in CCu group and RCu group were
observed. These results were supported by another study in the
literature, in which the dysfunction of bile excretion of Cu could
lead to the retention of Cu in tissues, individual enterocyte necrosis
with enterocytes in the lumen and blunt of the villi when exposed

RCK
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Fig. 5 OTU rank abundance curves. The x-coordinate is the OTU of the
bearing size, and the y-coordinate is the sample abundance. Each curve
represents a sample OTU distribution, and the longer the broken curve,

to excessive Cu [23]. These evidences suggested that the mice
were affected by Cu. To further study the composition of the
microbial community and diversity of the samples from female
mice at the phylum and genus level, high-throughput 16S rRNA
gene sequencing were used to investigate the bacterial diversity
effects of high amounts of Cu on mice.

Effect of Copper on Cecum Intestinal Microbial
Community

In our study, CCu group was compared with CCK group in the
cecum. Corynebacterium and Dorea showed a significant in-
crease at the genus level. Corynebacterium glutamicum is the
Corynebacterium-Mycobacterium-Nocardia group of actino-
mycetes, which has a significant regulatory system named
CopRS for the extracytoplasmic sensing of elevated Cu-ion
concentrations and for the induction of a set of genes capable
of Cu efflux [24]. Interestingly, CopRS is activated only when
Cu concentrations rise. If the anti-Cu regulatory system is

the bigger the number of OTUs in the sample; the smoother the broken
curve, the higher the evenness of the community

activated in a copper-contaminated environment, it can protect
the Corynebacterium from Cu damage [25]. Therefore,
Corynebacterium can tolerate relatively high levels of Cu and
be grown in the environment with Cu pollution. In addition, a
few studies have also reported that Corynebacterium have the
highest tolerance to high concentrations of Cu, and may have
good adaptability and can still be grown in the situation of Cu
pollution [2, 26]. Additionally, Dorea belongs to Akkermansia,
and the increase in Akkermansia is related to the proliferation of
intestinal epithelial cells induced by high heme iron diet, and
can destroy the intestinal mucous layer, because Cu stimulates
erythropoiesis and heme formation. Therefore, high abundance
of Akkermansia can aggravate intestinal damage [23, 27]. In
our study of CCu group, similar lesions that intestinal villus
atrophied significantly in pathological sections. In summary,
the increase in Dorea has a great effect on the destruction of the
intestines.

On the contrary, Bacteroidales, Pseudomonadales,
Rikenella, Odoribacter, Straphylococcaceae, and

@ Springer
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Fig. 6 Principal component analysis (PCA) of the samples. Top two PCs were used as the x and y coordinates. Each sample was represented as a point.
Samples from different sources were colored differently: (1) CCK group (blue); (2) CCu group (orange); (3) RCK group (gray); (4) RCu group (green)

Fig. 7 Relative abundances at the
bacterial order level for the four
groups
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Fig. 8 Significant difference between groups of OTUs: CCK group
versus CCu group (Panels Al, A2); RCK group versus RCu group
(Panels B1, B2); Panels Al, Bl are the cladograms for the
comparisons. Panels A2, B2 show LDA scores for differently abundant
taxa preceding and following Cu treatment are in panel (A2, B2,). (Only
taxa meeting LDA >2.5 are shown). In each cladogram, changes in
relative abundance of bacterial taxa identified by LefSe are shown in

Jeotgalicoccus decreased significantly, and they are described
as strictly anaerobic, mesophilic, and rod-shaped bacteria that
usually ferment carbohydrates or proteins. Excessive amounts
of Cu ions stimulate reactive oxygen species (ROS) produc-
tion via the Fenton reaction, in which hydrogen peroxide in-
teracts with iron to generate hydroxyl radicals [21, 27]. In
order to overcome cellular damage with increased levels of
ROS, organisms activate an antioxidant defense system, com-
posed of antioxidant enzymes such as superoxide dismutase
(SOD), the enzyme catalyzed the dismutation of superoxide
radicals (O*") to molecular oxygen (O,) and hydrogen perox-
ide (H,O,) [28]. Furthermore, Cu exposure promotes the ac-
tivities of antioxidant enzymes [29]. This reaction can produce
oxygen which can inhibit the growth of the strictly anaerobic
bacteria. Hence, the abundance of this species of bacteria
could decrease in the environment with Cu contamination.

Effect of Copper on Rectum Intestinal Microbial
Community

Compared with the RCK group in the rectum, Spirochaetales,
Clostridiales, Erysipelotrichales, Dehalobacterium, and
Coprococcus increased significantly. Jeotgalicoccus,

B i: Aerococcaceae

B o: Ignatzschineria
B p: Treponema
B q: Spirochaetaceae
B r: Spirochaetales
B s: Spirochaetes

BN CCK BN CCu

LDA SCORE (log 10)

al

BN RCK EEE RCu

LDA SCORE (log 10)

b1

phylogenetic trees from the Phylum to the Genus (from the inner to the
outer ring). In each cladogram, the node circle size is proportional to the
taxa relative abundance. The node size corresponds to the average relative
abundance of the OTUs. Yellow color was used to indicate that there were
no significant difference between groups, and other colors (such as green
and red) were used to show that OTUs had a significant difference
between groups

Salinicoccus, Lactobacillales, Bacillales, and
Staphylococcus were significantly decreased at the genus lev-
el. Interestingly, Spirochaetales, Clostridiales, and
Erysipelotrichales belong to Firmicutes, which are inversely
correlated with obesity. A few researchers have shown that,
compared with lean mice, there is a 50% reduction in the
abundance of Bacteroidetes and a proportional increase in
Firmicutes in the obese mice [30, 31]. Besides, a few studies
have found that many species of Clostridiales and
Spirochaetales can be pathogenic, such as leading to infec-
tious diseases and poisoning in mice models [32, 33]. The
above argument is consistent with the pathological changes
and emaciation in mice caused by Cu poisoning in RCu group.
It may be related to the increase in these bacteria.

The changes in Jeotgalicoccus, Salinicoccus,
Lactobacillales, Bacillus, and Staphylococcus should not be
neglected. A previous study has shown a few similar features
between Jeotgalicoccus and Salinicoccus in phylogenetic tree
analyses [34]. In addition, the two species of bacteria have a
crucial role in the body health and were seen as a potential
beneficial body service provider, which could be one of the
core functional groups of intestinal microbiota [14].
Additionally, a research has shown that chronic Cu exposure
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can disturb the composition of intestinal microbiota related to
lipid metabolism and immunity in freshwater fish [35].
Therefore, in our results, the decrease of these bacteria could
also affect core functions of normal microbiota in the rectum,
impact on the rectum metabolism and lead to digestive func-
tion disorder. In addition, we also found that Lactobacillus is
an anaerobic bacterium, and its reduction may be similar to the
reduction of anaerobic bacteria in the cecum under high Cu
conditions. Furthermore, the microorganisms of the genus
Bacillus are parts of the probiotic preparations such as
Bacillus subtilis and Bacillus licheniformis. A report shows
that (3-gal-acto-sidase can catalyze the hydrolysis ONPG (o-
nitrophenyl-3-D-galactopyranoside) to produce galactose
ando-nitrophenol (ONP), and can be generated from
Bacillus subtilis without the assistance of any inducers.
When high amounts of Cu ions exist, the activity of (3-
galactosidase is inhibited and the concentration of bacillus
subtilis is decreased [36]. This may be an important reason
for the reduction of Bacillus, which directly provides an op-
portunity for the development of pathogenic bacteria. In addi-
tion, changes of other genera, including Coprococcus were
observed. However, these genera have been rarely reported
to be associated with Cu poisoning in humans or in animal
models.

Conclusion

High doses of Cu decreased the mice’s body weight and re-
duced feces pH. Furthermore, it caused obvious histopatho-
logical lesions and changed the diversity of microbiota in mice
in this study. It could provide evidences and a theoretical basis
in explaining the mechanisms of high-concentration Cu
poisoning.
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